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SUMARY

A simplifiedmethodhasbeendevisedforthesolutionoftwo-
dimensionalcompressibleflowsthroughwell-definedpassages.This
methodmakesuseofplasticcamswhichautomaticsll.ysetthelength-
to-widthratioofrectanglesformedby streamlinesandequipotential
linesrepresentedby spring-steelwires.Pressuredistributionsmound
fourcascadesofturbinebladesandalongthesurfaceofa chokdnozzle
determinedby thismethodme shownto comparewellwithexperimental
results.

INTROIXETION

Two-dimensionalflowproblemsmaybe solvedby thepotential-flow
plottingmethod.Reference1 describesa methodof determiningthe
veloci~distributionfora cascadeofturbinebladesforincompressible,
inviscidflowbytheuseofa wire-meshflowplottingdevice.Sincethe
localvelocitieson gas-turbinebladescommmilyreachsonicvelocity,
theeffectsofcompressibili~shouldbetakenintoaccountwhensolvi~
fortheblade-surfaceveloci~distribution.Theproblemofplotting
compressibleflowismoredifficultthanthatofplottingincompressible
flowsincethedensi~isnotconstantbtivsrieswithvelocity.For
thatreason,therectanglesformedby streamlinesandequipotentiallines
ofa flowplotsrenotcurvilinearsqusresasintheincompressibleca~e
butvaryinlength-to-widthratioasthevelocityvariesinthefield.
Inpreviousattemptstoplotcompressibleflows,thelength-to-width
ratiooftherectangleshasbeenadjustedindividually.Brennerand
Kilgore,inreference2, attempteda solutionbymanuallymeasuringthe
widthandsettingthelengthofeachrectangle.Sells,ofGeneralElectric
(reference3), devisedfour-prongcaliperswhichsetthecorrectlength
whenadjustedtowidth.Inthesemethodsthestreamlineswereadjusted
individuallyina time-consumingiterativeprocess.

Thispaperdescribesa csmdevicewhichcontinuouslymaintainsthe
correctlength-to-widthratioofeachrectangleformedby thestreamlines

,
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2 NACATN 2681

,,
andequipotentiallineswhichinthiscasearerepresentedby spring-steel “
wires.Thecompressible,potentialflowthroughwell-definedpassages
suchashigh-soliditycascades,nozzles,andductingcanbe obtained P
directlywiththisdevice.Comparisonsof surfacepressuredistributions
obtainedwiththisdevicewithhigh-speedcascadedataareshownfor
fourturbine-bladecascades.A @a-dimemionalnozzleshaperedesigned
withthisdevicein orderto avoidsupersonicvelocitiesalongthesur-
faceofthenozzlewasalsostudied.
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Subscripts:

1 upstream

2 downstream

}-
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.
.

0 stagnation

cr criticslvalue;thatis,valuewhenlocalMachnumber
is1.0

l?RINC13?LESOF COMPRESSIBLE-IZOWPLOTTING

Designandconstructionof device.-In orderto satisfytheequa-
tionsof compressiblepotentialflow,theflowplotmustsatisfybound-
sryconditions,havethelength-to-~dthratioof allrectan@.esequal
totheratiooflocaldensityto stagnationdensity,andmaintainorth~g-
onslityofallintersectingstreamlinesandequipotentiallines.

Thecompressible-flowplottingdeviceconsistedof a gridofwires
representingstreamlinesandeqzipo~entisllines,pinsattheinter-
sectionofthewires,andplasticcamswhichrestrainthepinssothat
therectanglesformedbythewireshavetheproperlen@h-to-width
ratio.Figure1 showsthearrangementofthecams,pins,andwiresin
a smallelementofthecompressible-flowplottingdevice.

Thewireswerespring-temperedstainlesssteel.A dismeterof
0.041inchwasselectedforthewiresasa compromisebetweentheflex-
ibilityneededtomeetboundaryconditionsandthestiffnessneededto
keepthestreamlinesandequipotentiallinesspoothlyfaired.Thepins

wereof~-inch-dismeterbrassrod,1*inchesinlength.TwoholeswereQ
drilled~neachpinforthewires1/8 inchand1/4inchfromthebase
atrightanglestoeachother.

Thecsms(fig.2)weremanufacturedbyinjectionmoldingofa
phenolic-resinplastic.Thethi.clmessofthecsmswas0.060inchand

+ 0.002 imh. Thethewidthofthecsmslotforthepinswas0.125- 0.OO1
coordinateswereaccurateto+0.003inch.TherangeofMachnunberfor
thecamEwasfromO.3to1.0. Themaximumwidthof streamtubesfor
whichthecamsweredesignedwas1.760inchesandtheminimumwidthwas
0.864inch.Smallpointedpinswerestrungalongtheboundarystream-
linesandwerepressedintoa soft-woodboardto fixtheboundarycon-
ditions.

. . . . —.— —.—.- . .————.-z — - —.— ..—— -— .- -—
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camswassodesignedthatthe
lengthm. Since d@= V dx

potentialbetweenadjacentlinesof equalpotential

v=~ (1)

‘whereC isan srbitrsryconstantchosento givea convenientcamsize.
As alreadynoted,

m—= —
m ;0 (2)

Forisentropicflow

~= W%--h(3)

Substitutingequations(1)and(3)intoequation(2)andsolving
for &i gives

.

Zsf= m
-1

(4)

[,,l(.-q~
TherelationbetweenB1 andMachnumbermaybe determinedfromthe
ener~ equation

1~V2+ ~a2=—
7-1 7-1 %2

or,afterthetermsarerearranged,

(5)

——.— .—-
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By substitutingequation(1)intoequation(~),theMachnumberinterms
of AX is

M’= 1
2

()

&Iao ~-1
-?j-

-—
2

(6)

.

Equations(4)and(6) areplottedinfigure3 fora valueof C = ~

whichgivesa camofconvenientsizeif AX ismeasuredin inches.As
canbe seenfromthisfigure,thevaluesof W aredifficultto deter-
mineaccuratelyforvaluesof ~ near M = 1.0. Thecsmslotswere
designedfromequation(4)for Y = l.kQ.Thecoordinatesmeasuredfrom
thecamcenterforeachslotare ~/2 and LU/2 (fig.2);hence,the
distancebetweenidenticalpointsonthefourslotsis AX and~. Each
valueof AX and N onthecamcorrespondsto oneMachnumberwhichis
givenby equation(6). Thecam dot was not designedto includesupersonic
velocitiesbecausethediscontinuitiespresentin supersonicflowcannot
be treated.

Althoughithasnotbeenshownmathematically,itwasfoundexperi-
mentallythatorthogonalitywasmaintainedby thecamEalonewithtwo
exceptions,whichareshowninfiguresk(a)andk(b).Althoughnowires
wereusedwiththepinsandcam to obtainthesepatterns,linesconnecting
theintersectionshavebeendrawninthefiguresto showthepatternof “
streamlinesandequipotentiallines.Theftistfigureshowsdistortion
whichisequivalentto a displacementofthestreamlinesalonga 45° line.
Inthesecondpattern(fig.k(b))thecamsturnedalternatelyandgave
zigzagstreamlines.Addingthewirespreventstheseextraneouspatterns
fromoccurringby smoothlyfairingthestreamlinesandequipotential
lines.Thewiresarealsousedtokeepthepinsvertical.

Sincethecamsarefiniteratherthaninfinitesimalin size,a
differenceexistsbetweenthedistancemeasuredslongthecurvedstream-
lineandthestraight-linedistancebetweenpins. Thisdifferencedepends
ontheradiusofcurvatureandisinsignificantforthesecamsforradii
ofcurvaturegreaterthan3 inches.Hencejanyplotmademustbe of
sufficientsizesothata smallradiusof curvatureisnotpresenton any
importantboundarylineandenoughstresmtubesareincludedto definethe
flowthroughoutthefield.

Procedure.-Thecompressible-flowplottingdeviceis constructedon
a scaledrawingoftwopassagesofa cascade.Onepassageis sufficient .
iftheboundarystreamlinesaremadeidentical,butitisbettertoplot
theflowintwoorthreepassagesto a pointfarenoughpastthenoseto
insurethattheflowaroundthenoseofthebladesis correctlydefined.

.—. .—— .-. . —. .-.-— ——-–—-.



NACATN 26816

The
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scaleofthedrawingisuniquelydeterminedby thescaleoftheCsmsj
numberof stresmtubesperpassage,andtheenteringMachnumber.In

general,thescaleofthe‘3ra~ngmustbe changedinordertovarythe o

enteringMachnumber.Thedistancebetweentwoadjacentstagnationstream-
linesmustbe equaltothevslueof N fortheenteringMachnumbertimes
thenumberof stresmtubesbetweenstagnationstreamlines.Thus,by
determiningthedistancebetweenstagnationstreamlinesupstresm,the
scaleofthedrawingIsfound.

Thecompletegridofcamscannotbe easilyadjustedbecauseofthe
greatamountoffrictiononthecamsurfaces.Hence,foreachcompressible-
flowplottobemade,thegridofwiresandpinsshouldbe ahapedtothe
boundaryconditionsbeforeaddingthecams.Thecamssreaddedinrows
startingfromtheuniformupstresmflow.Thisprocedureeliminates
interferencebetweencsmssinceeachcamisona differentlevelthan
theadjacentones.13ecauseofthisprocedure,thecsmssreslightly
tippedbothinthestiesmdirectionandnormalto it (fig.‘l).Measure-
mentssremadeofthevsluesof ~ alongtheboundarylinesandthe
Machnumberisfoundforeachmeasurementby equation(6). Froma measured
valueof 4X anaveragevalueofthevelocityfora finitedistance
slongtheboundarycanbe found.Thisaveragevelocityisconsideredto
occurmidwaybetweenthepins.

A checkonthefinalresultisthatthenormsl-forcecoefficient
computedfromtheintegratedpressuredistributionaroundtheblademust
correspondto theturningoftheairthroughthecascade.

.
Actually,

thesmountofturningthrougha givencascadeis,to someextent,arbitrary;
thatis,in general,theinletairangle,inletMachnumber,andcascade
configurationsrenotsufficientto determinetheexitairangle.Spec-
ifyingthepositionofthetrailing-edgestagnationpointwouldmakethe
problemunique.Assuminga localflowdirectionatthetrailing-edge
regionis equivalentto assuminga positionofthetrailing-edgestag-
nation-point.Whenthecompressible-flowplottingdeviceisused,the
existenceofboundarylayerisrecognizedandtheexitingflowisassumed
tohavenoveloci~peaksaroundthetrailingedge;hence,the10cQ
streamlinesleavewithapproximatelythemean-linedirectionandwitha
wakethiclmessequslto orgreaterthanthetiailing-edgethickness.In
thesolutionsthathavebeenobtainedwiththisdevice,this&irection
hasbeenassumedastheexitdirectionforthefirstappro~tion,with
somesubsequentsmalladjustmentofthisdirection,ifnecessary,inorder
to satisfythecriterionjustmentioned.Theadjustmentisreadily
accomplishedsinceit affectstheturningangledirectlybuthasalmost
noeffectonthenormal-force’coefficientascomputedfromthepressures.
Forhigh-soliditycascadeswithrelativelylowenteringvelocities,the
positionofthenosestagnationpointhasonlya smalleffectonthe
pressuredistribution.Forthisreason,no attemptwasmadeto detetine
thelocalvelocitiesatthenoseaccurately.

-. . ..— .— —. ————- — ——-



NACATN 2681

.
COMPARISONWITHEIZERIMENTALKESULTS

.

.

Thedevicehasbeenusedtoplottheflowthrough
cascades,andthepressuredistributionsmeasuredfrom

7

fourturbine-blade
theseplotsare

compared-withthosefromhigh-speedcascadetests.Figureq.showsthe
pressuresobtainedalongthesurfaceof anairfoilinan88°lmrning
cascadeforanenteringMachnumberofapproximately0.34 forboththe
testandtheflowplot. It canbe notedfromthisfigurethatan irreg-
ularityofpointsoccursintheregionofhighvelocity.Thisirregu-
l~ity canbeattributedtothelsrgechangesin N (orveloci~)that
occurforsmallchangesin ~ at speedsapproachinga Machnumberof1.
A photographoftheplottingdeviceforthiscascadeis shownasfigure6.
Severalcsmswereleftout.alongthepressuresurfaceofthebladebecause
theMachnumberinthatregionwasbelow0.3, whichistheminimumvslue
forwhichthecsmsweredesigned.In smalllow-speedsreassuchasthis,
thelength-to-widthratiooftherectanQesisadjustedmanuallyrather
thanby usingspecial.large-sizecams.Therectangleswillbecomealmost ~
squareas inan incompressibleflowwitha densi@ratioof1.0whenthe
flowvelocityisverylow.

Figure7 compsresthepressuredistributionsobtainedfroma plot
andfromthecascadetestforthessmebladesectionas infigure5 but
ata higherinletairangle.Thedifficultyofmaintai~ theboundary
conditionsaroundthehighlycurvednoseandthehighveloci~int~s
regioncausedthedifferenceinthepressuredistributions.“ ;

Pressuredistributionsfora cascadesimilartothatshowninfigure5
sre compsredinfigure8. Thessmesmal.1.smountof irregularityoccurred
inthepressuredistributionobtainedby theflowplottingdeviceshownin
thisfigure.Thereisno &regulsri@ofpointsinthepressuredistribu-
tionforthefourthcascade(fig.9)whichwasa low-turningturbine
cascade.Evidenceinotherplotsalsohasshownthatthisirregularity
ofpointsoccurredonlyinregionsofhighvelocityanddidnotoccur
ina steepveloei~gradient.Genersllygooda~eementis shownbetween
thepressuredistributionsofthecascadetestsandtheflowplotsfor
thefoticasca@estestedin spiteoftheappro~tionsmadeatthe
nose.

Theaveragelengthoftimerequiredtoplottheflowthrougha
turbinecascadeis8 hours,anappreciablereductionintimefromthat
requiredwiththeincompressible-flowplottingdevice.Thetimereduction
isduetothesettingofthestreamlinesandequipotentiallinesby the
cams.Theaccuracyoftheplotsmadewiththecompressible-flowplotting
deviceisgenerallygood,resultscompsringequallyaswellasthoseof
theincompressible-flowplottingdevicetithcascadedata.Reliability.
ofthere~ultsshouldbe-muchbetterforthecamdevicesincetheplot-‘

.——.-. — --— ——— —— —— —-— --——-
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reqyfiedno slinement,positionsofthestreamlinesbeingrigidlyfixed
by thecsms.

AlltheplotsweremadeforenteringMachnumberswhichwereslightly
belowthecriticslvalueforthebladesectionsothatthemaximumMach
nuniberalongthebladesurfacewouldbe lessthan1.0sincethemechanical
inaccuraciesofthecsmsproducelargererrorsneersonicvelocities.
An efforthasbeenmadeto determinetheenteringMachnumberforwhich
sonicveloci~willfirstoccurat somepointsJ.ongthebladesurface.
ThisMachnuuiberis ofvsluein compsringvariousbladesections.

A simplemethodwhichhasbeenusedtoobtainthecriticalentering
Machnumberisto extrapolatethehighestMachnumberobtainedonthe
bladesurfaceintheflowplotto a Machnumberof1.0bymeansofthe ‘
Prandtl-Glauertetiapolationmethod(reference4). Tousethismethod,
a meanpassageMachnmiberisfirstcalculatedforthesectionofthe
passagewherethemaximumsurfaceveloci@occurredintheflowplot.
ThismeanpassageMachnumberisbestobtainedfromtheupstreamMachnum-
berandtheratioofthesreaofflowupstresmtothesreaofthepassage
atthepointofmaximumlocslMachnumber.ThemeanpassageMachnumber
isconsideredtmbe theequivalentof M. inthefi&dtl-Glauert
extrapolationwhichiseq&ion (8->1) o~reference4

CPO

CP=m

P - Pmwhere Cp= — and Cpo isthelow-speedorincompressible
9.OJ

value

ofthepressurecoefficient.Theetiapolationismadefora constant
valueof

givenby
.

A single
solution
nmiber.
pointis

~ fromtheconditionoftheflowplotto
(~)

which
o crit

equation(3-21) ofreference4

r Y

(%) 2 2

)1

pm

‘~ y+l
+7-1%— -1

Crit 7+1
w

is

plotofthesetwoeqmtionsfacilitatestheirrapidsimultaneous
forthecriticalvalueof Mm orcriticalmeanpassageMach
ThevalueofthemeanpassageMachnumberatthiscritical
thenconvertedto a criticalenteri”~Machnumberby using

I

.

.
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theoriginal.srearatio.Criticalentering~ch
thismethodforthefourflowplotsandcritical
incascadetestssreasfollows:

I m

First
configu-
ration

Cascadetest I 0.354
w

Compressible-flowplot .356

M~ blade-surfaceI .838
Machnumber

9

numberscomputedby
Machnuuibersobtained

Second Third Fourth
:onfigu-configu- configu-
ration ration ration

0.385 I 0.467 I 0.473

.395 I .524 I .460

.848
I

.867 I .850

Verygoodagreementofthecriticalvsluesisobtainedexceptinthe
casewherepeakveloci@obtainedwiththeplottingdevicewasin error
(thirdconfiguration).

Thecompressible-flowplottingdevicewasalsousedto determine
thevelocitydistributionalongthesurfaceofa chokedsubsonic
two-dimensionalnozzle.Thesolutioncouldnotbemadeforthecomplete
nozzleshapesincetheboundarystreamlinecouldnotbemadeto conform
tothenozzlesurfacewhereitwashighlycurvedeventhoughthe10CCLI
Machnumberwas1.0. Thisdeviationindicatesthattheveloci~overthe
nozzlesurfacewouldhavebeensupersonic.Hence,theboundarystream-
linealongthesurfacewasallowedto deviateslightlyfromthenozzle
inthesupersonicregion’toincreasetheradiusofcurvaturesothat
supersonicvelocitieswereavoided(fig.10). subse~enttestofthe
nozzleshapeconfirmedtheexistenceofa supersonicregionalongthe
surfaceofthenozzlewherethecompressible-flowplottingdeviceindi-
catedsupersonicvelocities.SurfaceMachnumbersalongtheunmodified
sectionofthenozzleshowreasonableagreementconsideringthefact
thatthevelocitieswereverycloseto sonicandthecompressible-flow
plotwasmadewithoutconsiderationoftheboundarylayer.

CONCLUDINGREMARKS

Theplottingdeficedescribedhereinsimplifiesthegraphicalsolution
oftwo-dimensionalcompressible-flowproblemsthatwouldotherwiserequire
longandtediousmathematic~solutio~.me C- used on the device

greatlyspeedthesolutionbypositioningthestreamlinesandequipotential

1
,, .
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forthechangein
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.
plotandcompensatingautomaticallyandcontinuously
densitythroughouttheflowfield.

.

Reasonableresultswereobtainedforfourturbine-bladecascadeg
anda two-dimensionalnozzle.Otherconfigurationsofthechannel-flow
typesuchasducting,turningvanes,andpassageshapes,whicharelong
compsredto theirwidthcouldbe investigatedby useofthecompressible-
flowplottingdevice.

LangleyAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

LangleyField,Vs.,Jan= 1>,1952
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Figure 1.. A -H element of the compressible-flowplotting device.
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